Abstract Microbial colonization has a relevant impact on the deterioration of stone materials with consequences ranging from esthetic to physical and chemical changes. Avoiding microbial growth on cultural stones therefore represents a crucial aspect for their long-term conservation. The antimicrobial properties of silver nanoparticles (AgNPs) have been extensively investigated in recent years, showing that they could be successfully applied as bactericidal coatings on surfaces of different materials. In this work, we investigated the ability of AgNPs grafted to Serena stone surfaces to inhibit bacterial viability. A silane derivative, which is commonly used for stone consolidation, and Bacillus subtilis were chosen as the grafting agent and the target bacterium, respectively. Results show that functionalized AgNPs bind to stone surface exhibiting a cluster disposition that is not affected by washing treatments. The antibacterial tests on stone samples revealed a 50 to 80 % reduction in cell viability, with the most effective AgNP concentration of 6.7 μg/cm 2 . To our knowledge, this is the first report on antimicrobial activity of AgNPs applied to a stone surface. The results suggest that AgNPs could be successfully used in the inhibition of microbial colonization of stone artworks.
Introduction
Microbial colonization has a relevant impact on the conservation of stone materials with consequences ranging from esthetic changes to physical and chemical deterioration of the stone itself. Biodeterioration processes are the result of complex activities and interactions of the microbial community that is present on stone surfaces in the predominant form of biofilms. Deterioration mechanisms include acidolysis, accumulation of organic nutrients, discoloration, changes in the porosity, thermal-hydric alterations, vapor diffusion changes, and mobilization of ions (Gaylard et al. 2003; McNamara and Mitchell 2005; Scheerer et al. 2009; Warscheid and Braams 2000) . Bacteria are extensively involved in biofilm formation, and heterotrophic bacteria can also establish on stones as primary colonizers without the pioneering participation of autotrophic organisms (Warscheid and Braams 2000) . Gram-positive bacteria are the most recurrent chemoorganotrophic bacteria. Among them, organisms of the Bacillus and Bacillus-related genera have been frequently identified on monumental stones, both through culture and molecular biology techniques (McNamara and Mitchell 2005; Sheerer et al. 2009 ). Bacillus is able to withstand extreme environmental conditions because of its spore-forming ability (Fajardo-Cavazos and Nicholson 2006) . Its potential degrading activity, taking place through the production of acids and surfactants, has been demonstrated through laboratory experiments (Stassi et al. 1998) . Bacillus bacteria were also found in association to mineral precipitates of white fluffy biofilm, covering deteriorated surfaces of caves and catacombs, and they may actively participate to the precipitation of mineral phases (De Leo et al. 2012) .
Avoiding the formation and growth of biofilms on stone surfaces of high cultural interest represents a crucial aspect for their long-term conservation as well as for their esthetic aspect. A recent study (Pinna et al. 2012) has evaluated the effectiveness of mixtures of consolidants, water-repellents, and copper nanoparticles (NPs) in preventing biological growth, and yielded good results also as a preservative treatment against recolonization after conservation treatment.
Silver ions are known as one of most toxic heavy metal ions to microorganisms, having a relevant activity against a broad range of bacteria, fungi, and viruses (Kim et al. 2007; Morones et al. 2005 ). Silver-based antimicrobials present excellent properties such as thermal and chemical stability, health and environmental safety, and low toxicity to human cells. These features make silver-based materials suitable for a variety of applications (Rai et al. 2009 ), including those where they are exposed to a broad range of temperature, irradiation, and humidity. Both the release of silver ions and the nanoparticle characteristics play a key role in the antimicrobial activity of silver nanoparticles (AgNPs) (Lok et al. 2007; Pal et al. 2007; Panacek et al. 2006) . AgNP bactericidal activity includes: (1) the direct interaction with cell membranes, affecting the transport through the membrane itself and causing perforations (Sondi and Solopek-Sondi 2004) ; (2) the accumulation of reactive oxygen species (ROS) at the surface of the particles (Choi and Hu 2008) ; and (3) silver ion's interaction with DNA or sulphidryl groups of vital enzymes, which lead to cell death (Lok et al. 2006; Rai et al. 2009 ). The synergy between these mechanisms makes the resistance of microorganism to silver not frequent (Silver 2003) .
Silver-containing materials are exploited to prevent bacterial colonization both in medical and nonmedical applications (Chaloupka et al. 2010) . In some of these cases, AgNPs have been successfully applied as coatings on different materials (Knetsch and Koole 2011; Falletta et al. 2008) . To the best of our knowledge, little is known about the application of AgNPs to protect stone artworks from biodeterioration. To this aim, we investigated the antibacterial properties of stone samples whose surface was treated with functionalized silver nanoparticles in laboratory conditions. Serena stone was chosen as the substrate since it is a much diffused stone in Italy, especially in Tuscany. A silane derivative was used as the grafting agent to take advantage of its chemical reactivity toward stones; moreover, it is known that silane functionalization of AgNPs does not hinder their antimicrobial activity (Egger et al. 2009; Xu et al. 2009 ). Bacillus subtilis was used as the reference bacterium, as it is very frequently identified on cultural heritage materials. Moreover, Bacillus is a Gram-positive bacterium and, due to their thicker cell wall, Gram-positive cells usually result to be more tolerant and resistant to silver compounds than Gram-negative bacteria (Feng et al. 2000; Jung et al. 2008 ).
Materials and methods

Nanoparticle synthesis
Silver nanoparticles were synthesized according to a seedbased procedure (Aherne et al. 2008 ) that results in the formation of triangular nanoprisms. Silver nanoprisms were preferred over any other nanostructures because of their high antimicrobial activity (Pal et al. 2007) .
The synthesis was performed in water at room temperature, so that it could be easily scaled up to produce at reasonable costs the necessary amount of nanoparticles to treat large artifacts. Silver seeds were prepared combining 5 mL of aqueous trisodium citrate (2.5 mM), 0.250 mL of aqueous poly(sodium styrenesulphonate) (500 mg/L), and 0.3 mL of aqueous sodium borohydride solution (freshly prepared, 10 mM), followed by the addition of 5 mL of aqueous silver nitrate solution (0.5 mM, added at a rate of 2 mL/min under stirring). Nanoprism growth was achieved by combining 150 mL of water, 2.25 mL of aqueous ascorbic acid solution (10 mM), and 3.6 mL of seed solution, followed by the addition of 90 mL aqueous silver nitrate solution (0.5 mM) at a rate of 1 mL/min under stirring (AgNP dispersions at different stages of the synthesis are shown in Fig. SI-1 in the Supporting Information). After the synthesis, 15 mL of aqueous trisodium citrate solution (25 mM) were added to stabilize the dispersion and avoid aggregation and precipitation of nanoprisms.
Nanoparticle functionalization
In order to chemically graft the nanoparticles to the stone surface, pristine silver nanoprisms were functionalized through the condensation of a silane precursor on the surface of AgNPs using dimethylamine (DMA; Sigma Aldrich) as a catalyst (Kobayashi et al. 2005; Niitsoo and Couzis 2011) . We used tetraethylorthosilicate (TEOS; Merck, AgNP/TEOS 20:1 w /w ) as a grafting agent in order to coat AgNPs with a monolayer of silane molecules. To reduce the amount of water during the condensation of TEOS on the surface of nanoprisms, the pristine aqueous AgNP dispersion was concentrated to a volume of <200 μL using centrifugal concentrators Vivaspin 20 (Sartorius Vivascience MWCO, 3,000 Da, 20 mL) and Amicon 500 (Merck Millipore, Amicon Ultra, 0.5 mL) and diluted to the final reaction volume with 2-propanol (2-propanol/aqueous solution of AgNP 4:1 v /v ). Under stirring conditions, DMA (Aldrich, purum, final concentration of 0.4 M) and TEOS (Merck, synthesis grade, 2-propanol solution) were added. Functionalized nanoparticles (AgNP@TEOS) were resuspended by sonication before their use.
Stone surface characterization
Serena stone samples (1.5×1.5×0.3 cm 3 ) caved from quarry in Firenzuola, Italy, 5-10 % open porosity, were used (Dei et al. 1999) . AgNPs (either TEOS-functionalized or not) were applied on stone specimens by dropping 50 μL of the dispersion and allowing the samples to dry under a laboratory hood. Stone surface was characterized by means of scanning electron microscopy (SEM), atomic force microscopy (AFM), and colorimetric measurements. All the measurements were carried out on fully dried surfaces, i.e., typically 24 h after sample preparation.
SEM experiments were carried out with a field emission gun (FEG)-SEM, model ΣIGMA by Carl Zeiss, working with an 8-kV acceleration potential. Images were acquired by collecting backscattered electrons (BSE) to highlight the differences between high atomic weight (silver) and light elements (calcium) and by collecting secondary electrons with an in-lens detector, when working at high magnifications.
AFM images were collected using a Park XE-100 microscope in noncontact mode (SSS-NCHR probes, nominal resonant frequency of 330 kHz, radius of curvature <5 nm). Stone specimens treated only with the corresponding amount of TEOS solution (without NPs) were used as reference samples.
Color changes induced by the presence of AgNPs were evaluated by means of colorimetric measurements. The light reflected by the sample (1 mm 2 spot) was collected by means of a fiber-optic cable (FRP series) and recorded with a high sensitivity CCD camera. Colorimetric data were collected using standard illuminant C and standard observer CIE 1931 (2°) in a λ range of 400-700 nm and with a 0°/0°geometry, operating conditions being derived from UNI NORMAL 43/93 recommendations (Raccomandazioni NorMal 1993). Stone specimens were analyzed in two different regions, three measurements being taken for each region. The colorimetric coordinates L * , a * , b * were averaged out to obtain a single value for each specimen. The resultant chromatic change (ΔE) was determined through the equation:
Δ indicating the difference between the coordinates of the treated and untreated samples.
Bacterial strain and growth conditions
Bacterial cultures of B. subtilis strain 168 (Anagnostopoulos and Spizizen 1961) were prepared in 100-mL flasks by inoculating a single bacterial colony into Nutrient Broth (NB; Oxoid) medium. The culture was aerobically incubated on a rotary shaker at 30°C and 120 rpm for 18 h. To determine the viable count of the B. subtilis culture, the microbial suspension was serially diluted and 100 μL of each dilution were spread on Nutrient Agar (NA; Oxoid) plates. Colony formant units (CFU) were counted after 24 h of incubation at 37°C. In such growth conditions, the viable count of the starting culture was about 10 8 CFU/mL.
Zone of inhibition "spot on spot" technique Antibacterial activity of AgNPs on solid medium was assessed by evaluating the presence of growth inhibition zones. Ten microliters of nanoparticle dispersion were spotted on NA plates and allowed to dry under aspiration hood. Afterwards, 20-μL spots (containing about 10 3 cells) were placed over the same spot, so that the area covered by the cells was larger than the nanoparticle spot. Plates were incubated for 24 h at 37°C, and the inhibition activity was visually evaluated.
Antimicrobial activity on stone by cell deposition and recovery assay Serena stone samples (1.5×1.5 cm 2 ) were treated with 50 μL of AgNP@TEOS dispersions at different concentrations and allowed to dry overnight. Each test sample was placed in a Petri dish (∅ 5 cm), and the surface was treated with 50 μL of 10 −1 dilution of an overnight B . subtilis culture. After 30 min, 10 mL of a saline solution (0.85 % NaCl) was added and the Petri dish was shaken during 30 min (the sample was turned upside down after 15 min). One milliliter of this "washing solution" was withdrawn (twice for each sample) and diluted 10 and 100 times with saline solution. To enumerate the viable bacteria recovered from the stone samples, 0.1 mL of undiluted and diluted solutions were plated on NA, incubated at 37°C for 24 h and visually counted. Stone samples treated with the corresponding amount of TEOS solution were used as reference and treated in the same way. Two replicates, with at least three repetitions each, were performed for each concentration of AgNPs, and the same was done for the corresponding references. The whole method is sketched in Fig. 1 . The reduction in cell viability due to AgNPs was evaluated by comparing final microbial counts (FMC) of AgNP@TEOS-treated and TEOS-treated samples (Ozy et al. 2010; Page et al. 2007 ):
Results
Nanoparticle characterization
The shape and size of the obtained nanoparticles were assessed by FEG-SEM. Results are reported in Fig. 2 , where the prismatic shape of particles is shown.
Stone surface characterization SEM analysis provides insights about the distribution and the adhesion of AgNPs on the stone surface. In order to assess the resistance of nanoparticle grafting, samples were subjected to a water jet at 7 mL/s for 30 min (Yao and Yeung 2011) . Images in Figs. 3 and 4 display representative regions of AgNPs and AgNP@TEOS-treated samples, before and after washing. Pristine nanoparticles (Fig. 3 ) are quite homogeneously spread over the stone surface, while functionalized AgNPs (Fig. 4) tend to form micrometer-sized clusters. Through the analysis of several SEM images (about 50) acquired moving frame by frame along parallel lines, it was estimated an average AgNP@TEOS cluster-to-cluster distance of about 150 μm.
Results suggest that clusters are formed during the functionalization of AgNPs. Nevertheless, the adhesion of AgNPs to the stone surface is allowed by the presence of unreacted ethoxyl groups on the surface of clusters that are still able to react with the hydroxyl groups present on the stone. When pristine AgNPs are applied to stones, they homogeneously spread over the surface, but they display poor adhesion as they could be removed through a washing treatment (Fig. 3) . This is not the case when AgNPs were previously functionalized with TEOS, highlighting the strong interaction between AgNPs and the stone surface (Fig. 4) .
SEM images at higher magnifications (Fig. 5) show the details of the disposition of the nanoparticles (pristine or functionalized) on the stone surface.
The stone surface was also analyzed by means of AFM microscopy. Due to the presence of large cracks and voids on the surface of Serena stone surfaces, images were acquired over selected regions where no micrometric irregularities were detected with the aid of the optical microscope equipping the AFM (see Fig. SI -2 in the Supporting Information). A representative AFM image of the reference sample (i.e., after the treatment with TEOS, but without AgNPs) is shown in Fig. 6a . The surface displays the typical aspect of a freshly cut stone slab. No evidence of silica structures resulting from TEOS condensation could be detected, suggesting that the amount of TEOS added (which is the same present in the case of AgNPs@TEOS) is not sufficient to cover the surface and that the application conditions do not take to the formation of silica nanospheres. Figure 6b shows an AFM image of the Serena stone surface after functionalization with AgNP@TEOS and washing treatment. Consistently with SEM, results show the presence of clusters, highlighting that the AgNPs retain their triangular shape also after TEOS functionalization.
Colorimetric measurements reveal that grafting nanoparticles to the stone surface does not produce any significant change in the chromatic aspect of the specimens, even using the highest concentration of AgNP@TEOS tested in the microbiological assays (Δ E=0.5 for sample treated with 110 μg/sample).
Antimicrobial activity
We evaluated the growth inhibition properties of TEOSfunctionalized and pristine AgNPs against B. subtilis by the "spot on spot" method on solid nutrient medium. In order to assess the minimum amount of AgNPs (i.e., Ag weight) showing an effective antimicrobial activity, spots with different concentration of AgNPs were tested. Results show that 5 μg do not inhibit bacterial growth; 35 μg are only partially effective, while 70 μg fully inhibit bacterial growth (Table 1) . There is no difference in antimicrobial activity between pristine and functionalized nanoparticles, indicating that functionalization does not affect nanoparticle toxicity. It was therefore possible to assay the antimicrobial action of AgNP@TEOS grafted to the stone surface. An ad hoc experiment was set up to this purpose, comparing the viable bacteria recovered from silver-treated and untreated stone samples. Bacteria suspensions were deposited over the stone surface, and cell recovery was performed through washing.
Preliminary tests were carried out to evaluate the B . subtilis CFU recovery from Serena stone at different times from bacteria deposition. A suspension of about 5×10 5 cells was laid over each stone sample. Cells were recovered by washing 1 min, 30 min, and 4 h after deposition (corresponding to the interaction times given in Table 2 ). As shown in Table 2 , cells collected immediately after their deposition (1 min) constituted the 64 % of the inoculated amount; after 30 min of incubation the applied bacterial suspension was absorbed onto the stone surface, and the number of collected cells decreased by one order of magnitude, while after 4 h, the value decreased by two orders of magnitude. The amount of cells collected after 30 min is well suited for antibacterial activity experiments: in fact, although 95 % of cells result unrecoverable, 5 % of the inoculated bacteria is still enough to count a reliable number of CFU and to appreciate differences up to two orders of magnitude.
TEOS-treated samples were also investigated, showing that the number of cells recovered after 30 min was nearly identical (CFU %=5.1±0.1) to that obtained with pristine AgNPs, clearly indicating that TEOS does not interfere with CFU recovery. These conditions (both in terms of inoculum and interaction time) were then used to test the B. subtilis CFU Fig. 3 SEM images acquired in BSE mode of stone surface treated with pristine AgNPs before (a-c) and after (d-f) washing with 7 mL/s water for 30 min. All the images are collected at 15 kX magnification recovery from AgNP@TEOS-treated samples. TEOS-treated samples were used as reference.
Results of the experiments carried out using AgNP@TEOS in the range of 6-110 μg/sample are reported in Table 3 . In all the experiments, the CFU counts from silver-treated samples were always significantly lower than the ones from the reference.
The maximum bacteria inhibition (80.6 %) was obtained with a nanoparticle concentration of 15 μg/sample; higher concentrations did not lead to any increase, with an antimicrobial effect around 68 %. On the other hand, the concentration of 6 μg/sample gave the lowest inhibition activity (54.6 %).
Discussion
In this work, we investigated the use of TEOS-functionalized silver nanoparticles grafted to stone surfaces to inhibit bacterial viability. We used Serena stone as the substrate because it is a sandstone very commonly used in Works of Art, especially in architectural elements located outdoors and subjected to biocolonization. The grafting agent (TEOS) was chosen as it is commonly used for consolidation treatments of stones (Mosquera et al. 2008) .
The first step involved the surface characterization of Serena stone after the application of nanoparticles. Microscopy results showed that pristine nanoparticles are arranged in a much more uniform manner than functionalized ones, which conversely tend to dispose as clusters over the surface. This is reasonably due to the fact that the hydrolysis of TEOS functions is not confined to the formation of Si-O-Si bridges between one AgNP and the stone surface but could also take place between AgNPs, taking to the formation of clusters. Results also show that the treatment of the stone surface with AgNP@TEOS is resistant to washing treatments, conversely to what happens when pristine AgNPs are used.
Colorimetric measurements reveal no significant color changes of stone surface after treatment, validating the possible use of silver nanostructures for inhibition of the microbial growth on Works of Art made of Serena stone. In the case of the maximum amount of AgNP@TEOS applied on stone (110 μg/sample), ΔE results at 0.5, below the limit value of ΔE<2 above which the human eye can appreciate a chromatic difference.
To evaluate the antimicrobial properties of AgNP@TEOS in standard microbiological culture experiments as well as after grafting on stones, B. subtilis was used as the target microorganism. It belongs to a very common genus frequently isolated from stone monuments, and, being a Gram-positive bacterium, it is also acknowledged to have a much higher resistance to antimicrobial silver compounds (Egger et al. 2009; Rai et al. 2009 ). In particular, the well-known laboratory strain 168 was used to test the AgNP@TEOS antibacterial effectiveness in laboratory conditions.
To understand if AgNP functionalization is effective against antibacterial activity, preliminary microbiological tests were carried out using a spot on spot technique on solid growth medium, comparing the inhibition activity of pristine and functionalized AgNP. This test allowed to overcome the usual problems met when more conventional microbiological methods are used: (1) 2-propanol, present in the AgNP@TEOS solution, inhibits the growth of B . subtilis vegetative cells, as well as spores, both in liquid and in solid medium, when applied after plating cell or spore suspensions and (2) AgNPs, either naked or functionalized, do not diffuse from disks to medium in the classical agar diffusion test. No inhibition differences were observed between pristine and functionalized AgNPs, the amount of nanoparticles needed (Egger et al. 2009; Xu et al. 2009 ), and suggests that antimicrobial properties are very promising also in the case of functionalized nanoparticles. The antimicrobial activity of the AgNP@TEOS was tested on stone specimens. A quantitative assay was set up to quantify the viability of bacteria: a known number of viable bacterial cells were applied over previously treated stone samples; cells were recovered by washing, and dilutions of the washing solution were plated and evaluated. Preliminary experiments were carried out to assess the proper amount of B . subtilis to be inoculated on the stone surface and the proper interaction time in order to recollect enough microorganisms for viability count. We found the inoculum of about 5⋅10 5 CFU and 30 min interaction time as the most suitable experimental conditions to our purpose. In these conditions, bacterial cell's recovery from untreated stone samples or from specimens treated with different amounts of TEOS is the same, indicating that TEOS does not interfere with CFU recovery and, consequently, does not have any antibacterial activity.
Samples were then treated with different amounts of functionalized AgNPs, and the antimicrobial activity was evaluated by comparing CFU recovery from treated sample and the corresponding reference (TEOS-treated). All tested concentrations proved to be effective in decreasing cell viability of at least 50 % despite the use of an interaction time of only 30 min and a very high concentration of bacteria, not likely to be found in in situ conditions.
The most effective AgNP@TEOS concentration is 15 μg/sample, a lower concentration (6 μg/sample) results less effective, while the increase of up to 110 μg/sample results in a slight decrease of the antimicrobial activity.
In contrast with the growth inhibition results from the spot on spot assay, the increase in NP concentration do not lead to the enhancement of antimicrobial activity. This could be partly due to the distribution in clusters of the AgNP@TEOS which do not homogeneously cover the stone surface, as observed by SEM analysis (Fig. 4) . It is important to highlight, however, that the cell deposition and recovery assay on stone is intrinsically different from the common microbiological tests used to evaluate antimicrobial activity, which generally involve a longer interaction time between AgNPs and bacteria in a growth medium, either solid or liquid.
Conclusions
It was investigated in this study the possibility to use functionalized silver nanoparticles grafted to Serena stone surface as novel antimicrobials. Microscopic investigations show that TEOS, used as grafting agent, binds the NPs to the surface in a cluster disposition and does not change their morphology and dimensions. Moreover, microbiological tests prove that functionalization does not modify the antibacterial activity of the AgNPs toward the reference bacterium B. subtilis. The antibacterial assay performed on stone samples reveals an effectiveness ranging from 50 to 80 % in reducing cell viability, with the most effective AgNP@TEOS concentration of 6.7 μg/cm 2 . In our knowledge, this is the first report where antimicrobial activity of silver NPs applied on a stone surface is demonstrated. These preliminary results obtained in laboratory conditions are encouraging for further studies, aiming at using the proposed nano-remedy for in situ treatment of Works of Art made of Serena stone to discourage bacteria colonization of the surface. 
